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FREQUENCY CHARACTERISTICS 
OF DECADE CONDENSERS 

• IT HAS BEEN CUSTOMARY IN 

THE PAST to think of the capacitance an<l 
(liftsipation fa<‘tor of decade condensers, such 
as the Type 219 Decade Omdensers and tlie 
Type 380 Decade-Condenser Units of which 
they are coin(M>sed, as fixed quantities inde¬ 
pendent of frecpiency, at least to their stated 
acciu*acy. This is by no means the c-ase and, since decade condensers are 
now' being used over increasingly wide frequency limits, it becomes iin- 
|H>rtant to know' the limits w itliin which these condensers may be safely 
used. 

TTie general w ay in which both capacitance and dissipation factor vary 
with frequency is shown by 
the various curves of Figure 6. 

Tliere is always a minimuin, 
but the increases at the high 
and low' ends are produced by 
quite different causes. The low 
frecpiency rise is caused by 
dielectric |M>larization, a prop¬ 
erty of tlie solid dielectric of 
which the c-ondensers are made, 
while the high frecpiency rise 
c'omes from I he effect of the 
n*sidual im|)eclancesin the leads 
from the terminals tliroiigh tlie 
sw itches to the individual mica 
or paper <'onclc*nsc*rs. Each of 
these causes will be disc'ussed 
in considerable detail, first for 
Type 380 IVcade-Condenser 
r^iits and then for Type 219 
Decade (Condensers. 

Ficurk 1. Panel view of a Typk 

219-M Decade Condenser. 
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DIELECTRIC POLARIZATION 

'Fhe lM*liavi<>r of any clir|p<*lrir as I In* 
frt‘quency variptl (|p|K*n(lh iijmn tin* 
|M>larizatioii existing in that ilieleetrie. 
There are two liistinet kirnis of polariza¬ 
tion, dip<»le anil interfaeial. Dipole polar¬ 
ization, as first (IcserilxMl by Debye, 
iK*eurs in ilieleetric*s having (lolar mole- 
eiiles. In an alternating electric fielil 
these {ii(>oles tenil to oscillate with the 
field and the degree with which they 
sneeeed determines the increase* in di¬ 
electric constant and eapacitaiu'e. ITie 
way in which this increasi* occurs as 
the freipieney is decreawd is shown in 
Figure 1.^ Dissipation factor also in¬ 
creases at first but reaches a inaximiirii 
and tlu'ii decreases in a syinnietrieal 
curve. Interfaeial polarization, first 
described by Maxwell, iM’curs in coni- 
IHisite dielectrics. The heaping up of 
the charged carriers, ions or electrons, 
at the interfai'es of tlie coin|M>nent8 
fillring each alternation of tlie electric 
field, serves to increase the dielectric con¬ 
stant and capacitance just as effectively 
us the oscillation of the di|Hdes. In fact 
the two tyfies of |M)larization cannot Im* 
distinguished by the way either dielec¬ 
tric constant or dissipation factor varies 
with frequency. In that resjiect they 
differ only in the frequency ranges in 
which they iM’cur, as indicated roughly 
in Figure 2. Interfaeial |N>larization has 

•E. J. Mur|»hy an«l S. ft. Mf>riian. 1*he Dirlrru-M* Pro|i«r- 
lic>« uf Inmilatiiifl Malt^iaU, /frU TpchniraJ Jtpurnat, 

Vul. ll». Oct. IIST. piK i>)3-S12. 


Fioubf. 2. Typical 
curves sliuw'ing how 
dieli'ctric I'onstant and 
dissipation factor 
change with frequency 
due to dielectric polar¬ 
ization (after Murphy 
and Morgan). The up¬ 
per brunch of the dis¬ 
sipation factor curve 
show s the effect of d-c 
conductivity. 



FREQUENCY 



FigL'RB 3. Change of dielectric constant, loss 
factor, and dissipation factor with fre<|uency 
for u single polarization. 


also bi'en called dielectric absorption 
and volume charge, tliest* names lieing 
particularly appropriate when referring 
to the fact that the total charge stored in 
such a dielectric by the long-time appli¬ 
cation of a steady voltage can lie several 
times that cx|MM'ted from tlie amlio- 
frequency dielectric constant. 

The fretpiency at which maximum 
loss factor “ rnicurs, called the relaxation 
frequency, and the rates at which lioth 
loss factor and dielectrii* constant change 
with frequency de|)end on the kind of 
|Mdarizatioii, the kind of dielectriir, and 
the teiiqM'raliire. For mica there is no 
di^Mile [Kilarization and the relaxation 
frequency for its interfaeial |M>larization 
is well lielow I cycle. The interfaeial re¬ 
laxation frequency for pa|M*r is also well 
lielow' 1 cycle. Paper has also a dipole 
|M>larization in the neighborhoo<l of 100 
Me, which is of little consequence be- 

ff 

>l)i«iipalioii faclnr /> lo»i farttir « /)K, where K m 

the dielectric r«jiwt«nt. 
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EXPERIMENTER 




caune pa|K*r t’on<l<*nt»ers are rarely used at 
high frequencies. The ufw* 4)f wax or min¬ 
eral oil for impregnation aihls little to 
the |)olari/ation. Some of the rec*ent 
synthetic oils, particularly those con¬ 
taining chlorine, have dipole |M>lariza- 
tions with relaxation fre<piencies around 
1 Me. 

The exact sha|)e8 of the curves of 
Figure 2 are shown in Figun* ^3, where 
frequency, loss fai'tor, and dissipation 
factor an^ plotted logarithmu-ally and 
dielectric constant arithmetically. At 
the relaxation frequent’v /», where loss 
factor is a maximum, dielectric (*onstant 


would imply ver\ low values at high 
freipiencies. Actually for mi<*a and other 
low loss dielectrics, such as quartz ami 
polystyrene, there ap|H‘ars to be an 
underlying ()olarization which provi<les 
an almost constant dissipation factor. 
The dipole polarization in papiT causes 
a minimum in dissipation factor l>eyond 
which, at higher frequem^ies, the dissi¬ 
pation factor rises. 

RESIDUAL IMPEDANCE 

At high frequencies the small induc¬ 
tance and resistance of the leads of a 


is changing at the greatest rate and has a 
value just half way lietween its low and 
high frequency values. The shoulders of 
the loss factor and dissipation factor 
curves at a considerable distarux* from 
the relaxation frequeney are linear. Simi¬ 
larly, a plot of the fractional inc^rease in 
dielectric constant, expressed in terms of 
the total increase, at frequencies consid¬ 
erably higher than the redaxation fre- 
<juency is also linear. The 6lo(x*s of the 
shoulders of both of these lines are 
equal.^ 

Representative values for the four 
different kinds of Tvpk 380 I3ecade- 
Condenser Units are shown by the lines 
of Figiu*e 4, which start down from the 
left. In the case of dissipation factor this 

niir aluuc* arr rrialptl lu the ilepreaflinn aitgle of the 
cenict of the cirrular arr t»btaine<i by plotting Iona farlor 
againat dieleclrir ronatant. *.«.* The lhe4»riea of Ikoth Debye 
and MatM-ell demand that atirh a fdnt reault in a actnirirrie 
with it* center on the dielectric conatarit axia. I'lie fact that 
data obtained from all hoIuI and moat liquid dielectrica it well 
repreaented by a circular arc with deiweated tvoler waa 
IMMiitrd out by IL. S. and R. H. Cole«.*.* in 1941. 

<K. S. and K. II. Cole. Diaiienioa and Aliwirption in 
Dielecirica. Juurnai of ('futnical Phvnin, Vul. 9. A|*r. 1911. 
pp. 341^51. 

*K. F. Field. The Baaie for the Non-deatructive Teeling of 
Inaulation. /itEE TrttnjtaaionMt Vrd. 60, Sept. 1941. pp. 
890-895. 


solid dielectric condenser pnnluce an 
increase in its apparent trapacitance and 
dissipation factor.^’"'* The fra<*tional in¬ 
crease in capatdtance of the circuit 
shown in Figure 3, which represents this 
case, is 

AC w^LC 


C 


1 - u^LC 


; = w’LC approx. (1) 


*R. F. Field and D. B. Sinclair. A Method for Determining 
Keaidual Inductance and Rwialance of a Variable Air 
Otndeniwr at Radio Frequenriea. /Vocen/ingi o/ thr fnstitutr 
of Radio Engit%r*rra, Vol. 24, Feb. 1936, pp. 25S~274. 

•D. II. Sinclair. Parallel-Reaonance Methoda ftw Preewe 
MeaMUKmenta of High lm|iedancra at Radio Freauencie* 
and a Oimparhon with t>rdinary Seriea-Reaonance Methoda, 
Proren/ingt of the Institute of Radio Engineers, Vol. 26. Dec. 
1938, pp. 14<ifr^ 1497. 

•I). B. Sinclair. The Behavior of Tvps 505 lU>otlenaer» at 
High FrcqurncicB. General Radio Experimenter, Vol. 12. 
Apr. 1938, pp. 4-8. 



*W. Kauaniaiiii, Dielectric Relaxation aa a (Ihemiral Hate 
Procraa. Rerieua of Modern Pkysirs, Vol. 14, Jan. 1942. 
pp. 12-44. 

FicI'KK 4. CJnin|)onrtit& of fracliottal capari* 
tanre and tiiHsinalion fartor as a function of 
frequency. 'Khe lines slanting down from the left 
come from inlerfaciul fMilarizatiun, those slant- 
in|; up to the right come from re^idtial induc¬ 
tance and ret^iMtance. 
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Figure 5. The residual impedances L and R are 
ill series with the solid dielectric, condenser hav¬ 
ing a capacitance C and dissipation factor 1). 

The fractional increase in ea[>a(‘ilance 
varies as the square of tlie frec|uencv. 
The increase in dissipation factor is 

AD = RU: (2) 

But the actual value of resistance to be 



creases with the square root of the fre- 
t|uency, 

« = KiVf (3) 

where R\ is the resistance at unit fre¬ 
quency, usually 1 Me. lienee 

AD = (4) 

where Ri^is the value that the resislance 
would have at a fretjuency of 1 cycle, if 
I he square law held to that frequency. 
Thus, the increase in dissipation factor 
varies as the three-halves power of the 
frequency. 

Kepresentalive values of the residual 
inqiedances for the first four steps of a 
'Fypk 380 Decade-Condenser Unit are 


used is the a-c resislance at a given fre¬ 
quency, not the d-c resistance. The leails 
are usually of sufficient ilianieter so that 
all the current flows on the surface.'* 
Under this condition the resistance in¬ 


0.25 /ill and 0.07 17 at 1 Me for the L. .1/, 
and N tv|ies and 0..3.5 /ih and 0.01 17 for 
the F tyjK‘. The d-c resistance of the 
switidi is only about 0.02 12, so the skin 
effect ratio at 1 .Me is 3.8. This corre¬ 



A. Wheeler, Furmuliu for the Skin Effect, /VurtW- 
in/u of thf Institute of Radio Enginvert, Vol. 30, Sept. 1942, 
pp. 412-421. 




FREQUENCY 


sponds to a No. 18 copper wire. The 
increases in capacitance and dissipation 
factor caused by thest^ 
residuals are shown by 
the lines slanting up¬ 
ward on the right in 
Figure 4. 'Fhe complete 
frequency characteris¬ 
tics of these decade con¬ 
densers are the sums 
of the slanting lines 
for capacitance and 
dissipation factor, as 
shown bv the curves 
in Figure 6. 



lobkc 


Figure 6. Fretpieiicy 
characteristics of Tyi»k 
.380 Decade Condenser 
Unit for switch positions 
1 and 10, obtained by 
aiiding the componenl,s 
shown in Figure 4. The 
distribution of the curves 
for tin? other switch posi¬ 
tions is shown for the 
Type 880-N Unit. The 
curves for the zero capairi- 
tance are shown in the 
upper left ciirner of each 
plot. 
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CONDENSERS IN PARALLEL 
III a Typk 380 I^ecatle-CoiiiliMiwr I nil 
four separate ^'onciensers are siiecvssively 
eoiineeleil in parallel groin)s l»y ineaiis of 
I lie ilruni swileli slumn in L if^iire 7 lo 
give the ten 8le|»8 of a deeacle. 'Pile hnir 
iinilH have eapaeitanees in the ratio 
1 : 2 : 3 : I, giving the first four steps 
(lireetly anil are then eoinhiiieii in the 
manner shown in Table 1 to give the 
other steps. For the small \allies of dis¬ 
sipation faetor which tla^si* condensers 
have, eapaeitanees add direetly, \%hile 
dissipation faetor is ealeidated from the 
rule that the priMluets, dissipation faetor 
times eapaeitanee. add. 

c = r, 4- Cu + • • • - 

^ DiQ 4- l>,Ci -f - » ^ m)q (3) 
' ^ c, 4— i r 

'Po a good approximation all four units 
have the same dissijiation faetor, \%hieh 
thus lM*eonies the value for all sittings. 
Limiting values of the DC proiluets for 
the various decades are given in 'Pahle II. 

'Pile 'Pvi»E 380 Switch and the wiring 
to the four condensers has a eapaeitanee 
of about II Aigf. This is the zero eapaei¬ 
tanee of the sw itch and must U* added to 
the sum of the eapaeitanees of the eon- 
densiTS usimI at any setting lo gel the 
total eapaeitaniT. The dissipation faetor 
of this ztTo eapaeitanee is about 0.03 at 
I ke. thus giving a DC priMliiet of 0.33 

TABLE I 


Stef) I nitii L scil L /.i: HjHi'. 



1 t«> V 

1.000 

5 

A 4 1 

.680 

(> 

4 4 2 


7 

4 43 

.510 

K 

4 4 3 4 1 

.406 

0 

4 4 3 42 

.358 

10 

4434241 

.3(N) 


'*Arfu«lly fhrrr arr mutual ra|iaHlanrr» anuuif lltr 
four uniu uhu'h are rucr«»ri%eh liy tlu* •uitrh in 

•U different fmaitiim*. ThU rau»c» the actual ra|Niritanrie to 
be IcMw than the i»um tif the i^rparate raparitanres. Tliir 
diffrrrn<>e ia email and in eifnificant only in the Tvt*K 3ltll-\ 
Derade. 

>>N»te tite analofy nith Im* farttv Hhieh in diMtipation 
factor tiineM dielertrir i-ouHtani. 



FiiiCRE 8. Schematie tliacram <»f a Type 380 
Decade CondetiHor Unit Hnimiiig the residuals 
Lc anti Ht' a»s8t>ciutrtl with ihe separate r*»ri- 
den^rs. residiiaU I,a anti Hs of the leatL», and 
the zero capacitance Co with its dinctipation 
factor Iht. 

fLfi{. This is sufTieiently large so that it 
must be included in calculating the dis¬ 
sipation faetor for all s(*ttings of tlu* 
Type 380-N Unit and the first several 
settings of the Type 380-M Unit. The 

Eiocre 7. View of a 'Pypk 380 Dei*atle Con¬ 
denser Lnil Hhowing the Mwitch and the metal 
container which holds the condeiiHenj. 
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m. 6 



9. Schematic diagram of a Typb219 
Decade Condenser, showing the adde<l residuals 
Lb and Ra of the leads to the Type 380 Units 
and the added zero capacitance (Ip and Dp. 

variation with frequency of liolli the 
7x?ro capacilance and its dissipation fac¬ 
tor is show n in Figure 6. 

The residual iin[)edances of a Typk 
380 Decade-Coinlenser Unit are divided 
in the manner shown in Figure 8. Each 
condenser has tlie residuals Lr and He in 
its own leads to the switch, with the re¬ 
siduals Ls and Rs common to all for the 
L, -1/, and N ty[»es. Approximate values 
of these residuals are 0.10 /till and 0.15 juh 
for the indu<‘tances and 0.03 U and 0.04 
S2 at 1 Me for the resistances, respec¬ 
tively. Actually, liecause the leads from 
switch to condensers are of diflerent 
lengths, the residuals Lc and He for the 
four condensers tlifler slightly. For a 
particular switch the measured values 
for the four lead inductances were 0.100, 
0.076,0.095, 0.076 /uh in the order 1, 2, 3, 
I. These values follow roughly the areas 
embraced by the leads as shown in Fig¬ 
ure 7. These differences are not signih- 
cant and it will Ih‘ sullicient to use the 


rounded value 0.10 ^lh. There are also 
similar small differences in the resistance 
values. The residuals for the F type are 
0.10 uh and 0.25 ^h, 0.03 Q and *0.07 U. 

When 4‘apacitances with residual im- 
j^>edance are connected in parallel, the 
im[)edanct»s ad<l according to the fol¬ 
lowing rules: 

^ L,Cf + UCl -f • • • ^ S(LC^) 

(C, + C,+ ..•)* 2=C 

^ tf.Cf + R.cl + ■■■ ^ ^ ' 

{Cl + Cj + •••)’ ~ 

When the residuals are all equal. 


L = Lr 


^2 


H ^ He 


2C> 

2:2c 


(7) 


which yield the ratios L/Lc and R Rc 
for the ten [positions of the switch given 
in Table I. For this case the residuals at 
maximum capacitance are only tliree- 
tenths of their values at minimum capac- 
itanw. The effect of this change in the 
apparent value of the residuals on the 
capacitance change and dissipation fac¬ 
tor of the various Type 380 Units is 
shown in Figure 5. Curves for the maxi¬ 
mum and minimum capacitance settings 
are shown for all four Type 380 Units. 


TYPE 219 DECADE CONDENSERS 

When several Type 380 Decade- 
Condenser Units are assembled to form a 


TABLE II 


Decade 

Material 

(2as€ 

c 

1‘f 

DC 

F 

Mica 

505 

.1 -1.0 

20-200 

M 

1 M ica 

Moulded 

.01 - .1 

5-50 

N 

Mica 

Moulded 

.001- .01 

1-10 

L 

1 W ax paper 


.1 -1.0 

500-5000 


Posilinn 

Unit 

L 

fJi 

R at 1 Me 
il 

L 

uh 

R at IMc 

U 

1 

380-F & L j 

.16 

.025 

.16 

.025 

2 

380-M 

.10 

.015 1 

.26 

.040 

3 

380-N 

.10 

.015 I 

.36 

.055 
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'I'yi’K 21*) l)e<’a<le ComleiiMT, a Z4*ro 
caparitantv t'oiniiion to all the iinitn anil 
resi<liial iiii|ie(lanr<*8 l>etween tlu* units 
is added as shown in Figure 9. The 
largest unit is |>lae4?<l next to the ter¬ 
minals and, therefore, has the smallest 
residual im|»edan<*es. The added zero 
eapacitancr is about 8 with a dissi¬ 
pation factor of aliout 0.05 at 1 kc. 
Their variation with frecpieney is the 
same as those of the separate units as 
shown ill Figure 5. It is most eonvenient 
to add together all of the z<*ro eapaei- 
tanees, for the box and for the three 
units. This gives a total of 41 /u/if for the 
Tytk 219-M ami 46 /n/uf for the Tyi*k 
219-K Deeade (Condensers. Their re- 
sjieetive DC pro<luets are 2.05 |x^f and 
2.30 These values are siifFieiently 
large so that they must be I'onsideriMl in 
calculating the dissipation factors of all 
settings for both of the two lower 
decades. 

Values of the residuals indicatetl in 
Figure 9 are given in Table 111. If is also 
most eonvenient here to add together all 
of the residuals associated with each 
unit. These totals are given in the last 
two columns, llie increases in capaci¬ 
tance and dissipation factor caused by 
tliese larger residuals are shown in Fig¬ 
ure 10. These curves differ from those of 
Figure 6 mainly by having larger in¬ 
creases at the higher frequencies. 

When more than one decade unit is 
used it is generally sufficient to assume 
that all of the capacitance is assmdated 
with the highest decade. Tliis assump¬ 
tion will be safe exwpt when the capaci¬ 
tances in the tw'o higher decades an* 
nearly equal, 18 or 19, or in tlie Type 
219.K I>ecade Condenser wliere tin* 
Type 380-F Unit is so much Ijetter than 
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h'lctfRB 10. Frc<niciicy rharuclrriHlie^ of Type 
380 Dct'.adc (londrnHrr Units when moiintecJ to 
fiirm Type 219-M and -K Divadr Condonners. 
Ar compared to Figure 0. the liigti-fre<|uency 
partH of the ctirveA are Mliifteil to lower 
fre<pieneie«, 

the Type 380-M Unit. In any case, how¬ 
ever, it must l>e recognized that the data 
and curves given in this article an* av¬ 
erage values, considerably smaller than 
the catalog limits, which may at times 
lx* approached. Divergencies from the 
given average values will Ik* least for 
residual inductances, ami most for the 
dissipation factors from dielectric polar¬ 
ization. High relative humidity can 
greatly increase the dissipation factor of 
the zero capacitamvs ami to a lesser ex¬ 
tent the eapacitances and dissipation 
factors of the condenwrs themselves. 
The dissipation fa<*tors of the separate 
condensers may vary by a factor of two 
or tiuree among themselves, and their 
capacitam'es are only adjusted within 
±1%, ±2% for Type 380-L. It follows, 
therefore, that accurate values of any 
particular decade condenser can lie ob- 
taineil only by extensive measurements 
on that particular instrument. 

— K. F. Field 


^EXPERIMENTER 
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PERIODIC MAINTENANCE WILL KEEP THEM IN SERVICE "" 


• ONE USER OF GENERAL RADIO 

8tan<lar(l-8ignaJ j^eneralors reports that 
the "eneralorfi aro working aroiiiul the 
ckw'k — lliroe eighl-hour shifts a <lay — 
and have not iK‘en turned olT for four 
months! We know, and the user knows, 
that these insiriiinents are built for in¬ 
termittent service, and that their ability 
to stand up under thesi^ unusual de¬ 
mands is a tribute to the cxeellence of 
their meehaiiieal design and eonstrue- 
tion. But we both also know that a def¬ 
inite schedule of [M?rio<lic ins|H*rtion ami 
maintenance is what makes this jn'r- 
formance {mssible. 

If your General Radio instruments 
are being used in production testing, set 
up a maintenance schedule and see that 
it is rigi*lly followed. The small cost and 
bother will Ik* saved many times over in 
eliminating the hours that are lost when 
instruments must lx* returned to us for 
repair. 

Get a set of Service ami \laintenan<*e 
Notes for your (ieneral Radio instru¬ 
ments frfun our Service Department. 
These w ill help you to locale trouble and 


to identify ilefeclive components. In- 
six’ct, lubricate, and <‘lean moving parts 
regularly, and if gears, slide wires, or 
other parts show si^rious wear, gel a re¬ 
placement from our Service Department 
and have it ready to install Ix'fore actual 
failure. I fmajor failures occiu*. w rite to our 
Service Department, which is ecpiip|K*d 
to give prompt service to war plants. 

Our Service and Maintenance Notes 
are compiled from Service Department 
records ( we keep a c*omplele case history 
lile for all major instruments), from our 
standards laboratory test S|H*ci heat ions, 
and from engineering department sug¬ 
gestions. I’hey have already heljied hun¬ 
dreds of (General Radio customers to get 
l^etter service from their ecpiipment, and 
to save valuable production time. 

If you do not already have our Sc‘rvic*(‘ ^ 
and Maintenance Notes, write to our 
Service Department. YOu will re<‘eive in 
return a form on which to list the tyjx* 
numln'r, serial numl>er, and approximate 
date of purchase of yotir General Radio 
instruments. \\ hen the form is returned, 
the notes will be mailed to you promptly. 


^liE (general Hmlio EXPEHI.ME.\ THK is mailed iritlumt charge eaidi 
month to eiiffineers^ scientists^ technicians, and others interested in 
communication-fre€inency measurement and control prfdderns. R hen 
senfling requests for subscriptions and address^change notices, please 
supply the follou'ing information: name, compatiy name, company ad- 
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